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Polycomb group proteins (PcGs) generate chromatin-modifying complexes that regulate gene expression.
PcGs are categorized into two major groups, polycomb repressive complex 1 (PRC1) and 2 (PRC2), which
have classically been thought to function together. Here we discuss recent data challenging this model
indicating that the distinct subunit composition of PRC1 confers specific and nonoverlapping functions in
embryonic and adult stem cells.The Diversity of PRC1 Complexes
Themammalian polycomb repressive complex 1 (PRC1) is amul-
tisubunit protein complex with chromatin-modifying function. A
combination of five core protein families contribute to the subunit
composition of PRC1 complexes, with each protein family con-
taining several members, including Cbx (Cbx2/4/6/7/8), Ring1
(Ring1A/B), PHC (PHC1/2/3), PCGF (PCGF1/6), and RYBP/
YAF2. Thus, different combinations of these various subunits
and family members can generate a diverse array of PRC1
complexes with potentially distinct functions. Together with
polycomb repressive complex 2 (PRC2), PRC1 epigenetically
silences the expression of genes during embryogenesis and in
adult tissues (Simon and Kingston, 2009; Surface et al., 2010;
Sauvageau and Sauvageau, 2010). The canonical view of
PRC1 action is based on sequential cooperation with PRC2 to
drive gene repression. In this model, PRC2 first deposits the
H3K27me3 histonemark, which then attracts PRC1 to chromatin
through direct binding of the Cbx subunit chromodomain. Once
localized to chromatin, the Ring1 subunit of PRC1 is capable of
ubiquitylating histone H2A at lysine 119 (H2AK119ub), which is
thought to contribute to transcriptional repression by restraining
RNA pol II from elongation (Simon and Kingston, 2009).
However, the precise mechanism of repression is not known
and some questions remain about the various functions of
H2AK119ub. For example, the ubiquitin ligase activity of Ring1b
is dispensable for its ability to compact chromatin (Simon and
Kingston, 2009; Eskeland et al., 2010). Intriguingly, the
H2AK119ub mark has also been recently proposed to be
required for reinitiating the expression of Polycomb target genes
(Richly et al., 2010).
Several recent reports indicate that the regulation and activity
of PRC1 is far more complex than previously thought. First,
although transcriptional silencing of many genes requires the
concerted action of PRC1 and PRC2, this is not always the
case, and some loci can be decorated and repressed by PRC1
independently of PRC2 (Surface et al., 2010; Sauvageau and
Sauvageau, 2010; Gao et al., 2012; Tavares et al., 2012). For
instance, embryonic stem cells (ESCs) lacking PRC2 and devoid
of H3K27me3 do not show global changes in the level of
H2AK119ub1 and exhibit proper chromatin localization of
PCGF4/Bmi1 to some Polycomb-target genes (Surface et al.,16 Cell Stem Cell 11, July 6, 2012 ª2012 Elsevier Inc.2010; Sauvageau and Sauvageau, 2010). Yet how PRC1 is re-
cruited to chromatin in the absence of H3K27me3 is not known.
A second factor contributing to the functional complexity of
PRC1 is the combinatorial potential of its core subunits. In recent
years, several different PRC1 complexes have been identified, all
of which contain the Ring1 protein together with unique combi-
nations of the other core subunits with distinct genomic localiza-
tion and lineage expression patterns (Trojer et al., 2011; Morey
et al., 2012; O’Loghlen et al., 2012; Gao et al., 2012; Tavares
et al., 2012). To date, biochemical analyses have revealed that
specific combinations of Cbx, PCGF, and RYBP subunits
contribute to the formation of different PRC1 complexes. All
five PRC1-associated Cbx homologs (Cbx2/4/6/7/8) bind to
H3K27me3 and interact with Ring1B, but each of them also
contains unique motifs that are likely to mediate interaction
with specific regulatory partners (Senthilkumar and Mishra,
2009; Simon and Kingston, 2009). The expression of some of
these Cbx proteins is lineage restricted, adding a further layer
of specificity to the biological function of particular PRC1
complexes (Luis et al., 2011; Morey et al., 2012; O’Loghlen
et al., 2012; Tavares et al., 2012). Like the Cbx proteins,
PCGF family members also establish different PRC1 subtypes,
and a recent study identified at least six different types of
PRC1 complexes containing NSPC1/PCGF1, MEL18/PCGF2,
PCGF3, BMI1/PCGF4, PCGF5, or MBLR/PCGF6 (Gao et al.,
2012). In addition, two further subtypes of mutually exclusive
PRC1 complexes are defined based on whether they contain
Cbx or RYBP/YAF2 (Tavares et al., 2012; Gao et al., 2012).
Given their recent discovery, the biological significance of
each type of PRC1 complex and whether or not they cooperate
with each other at a functional level is largely unknown. In the
following sections of this minireview, we will summarize and
discuss several recent reports that have started to address these
issues mainly in the context of murine embryonic stem cells and
human and mouse adult stem cells.
PRC1 in ESCs: RYBP or Cbx
In self-renewing ESCs, Polycomb complexes contribute to
repressing the expression of lineage-specification genes, yet
during ESC differentiation, they appear to be required to repress
pluripotency genes (Surface et al., 2010; Morey et al., 2012;
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Figure 1. Different PRC1 Complexes
Coexist to Drive ESC Proliferation and
Differentiation
Left: Pluripotent ESCs contain at least two dif-
ferent types of PRC1 complexes, one containing
Cbx7/Mel18/Ring1B and the other RYBP/Mel18/
Ring1B. RYBP-PRC1 does not require PRC2 and
H3K27me3 to localize to chromatin, whereas
Cbx7-PRC1 localizes to chromatin through inter-
action with H3K27me3 deposited by PRC2 (de-
picted as three yellow circles) and represses other
PRC1-associated subunits (Cbx2/4/8, PHC2, and
Bmi1), as well as differentiation genes.
Right: During lineage commitment, the expression
of Cbx7 is repressed by miRNAs and by PRC1
complexes containing Cbx2 and Cbx4 and Bmi1.
The specific role of RYBP-PRC1 complexes
during ESC differentiation is currently unknown.
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of any core subunit of PRC2 in murine ESCs prevents their
proper differentiation (Surface et al., 2010). However, elucidating
the role of PRC1 in regulating ESC pluripotency and differentia-
tion has been more challenging because of the diversity that
exists in terms of the composition of PRC1 complexes.
Deletion of Ring1B, a subunit that is common to all forms of
PRC1 in ESCs, biases their differentiation toward the ectodermal
fate (Leeb et al., 2010; Gao et al., 2012). Somewhat surprisingly,
ablation of Ring1B does not impair ESC self-renewal, but this
is probably a result of compensation by Ring1A, because
Ring 1A/B double-knockout ESCs cannot self-renew and
show a tendency to spontaneously differentiate (Endoh et al.,
2008). Another role for Polycomb proteins in controlling ESC
function may be related to their regulation of a class of genes
that are poised for expression upon differentiation and known
as ‘‘bivalent’’ genes. These genes are bound by PRC1 and
PRC2 and contain the associated H3K27me3 repressive modifi-
cation, but they also contain histone marks normally associated
with active transcription (i.e., H3K4me3), hence their designation
as ‘‘bivalent’’ (Bernstein et al., 2006; Azuara et al., 2006; Brookes
et al., 2012). Interestingly, a recent report has shown that some
of these genes, in particular those involved in cellular metabo-
lism, are actually expressed and harbor PcG proteins bound to
their promoters together with the elongation form of RNA
polymerase II (that is, its form phosphorylated at serines
S5+S7+S2) (Brookes et al., 2012). PRC1 appears to dampen
the expression levels of these metabolic genes since depletion
of Ring1B enhances their expression; however, the precise
mode of action of PRC1 regarding transcription of these genes
is currently unknown (Brookes et al., 2012).
At the mechanistic level, because Ring1B can also be associ-
atedwith non-PRC1 complexes, it is difficult to ascribe particular
phenotypes of its deletion to PRC1 or non-PRC1 complexes.
Recent studies have started to address this issue by character-
izing how the chromatin localization and biological function of
Ring1B is affected by the specific PRC1 subtype in which it
resides. One of the most substantial recent developments in
this area came from a report by Tavares et al. (2012). This paper
was particularly informative because it described two different
types of PRC1 that coexist in ESCs but differ in the mutually
exclusive presence of RYBP or Cbx (Figure 1). This finding raises
several questions regarding the recruitment mechanisms, local-ization, and function of the two complexes, some of which are
beginning to be addressed through specific analyses of the
different complexes, as discussed below.
RYBP-Containing PRC1 in ESCs
Contrastingwith prior models of PRC1 activity, RYBP-containing
PRC1 is recruited to chromatin independently of PRC2 and
H3K27me3 (Morey et al., 2012; Tavares et al., 2012). However,
the mechanism of chromatin recruitment is unlikely to be medi-
ated through RYBP because RYBP-deficient ESCs show unal-
tered chromatin localization of Mel18 and Ring1B (Hisada
et al., 2012). These findings are surprising because RYBP has
previously been shown to directly bind DNA in vitro (Hisada
et al., 2012). Nonetheless, they suggest that the genomic recruit-
ment of RYBP-PRC1 depends on other PRC1 subunits, non-
Polycomb accessory factors, or other histone posttranslational
modifications. Observations made in other cell types may pro-
vide clues for these potential partners. For instance, specific
chromatin localization could be dictated by the PCGF subunit,
given that at least six different variations of PRC1 were detected
in human 293T cells differing in their PCGF ortholog, which in turn
directly interacts with RYBP or its homolog YAF2 (Gao et al.,
2012). In addition, the transcription factor Runx1 can recruit
PRC1 to chromatin in a PRC2-independent manner in megakar-
yocytes and thymocytes (Yu et al., 2012). Likewise, oncogenic
PLZF-RARa and E2F6 can facilitate localization of PRC1 to chro-
matin in leukemic and human breast carcinoma cells, respec-
tively (Sauvageau and Sauvageau, 2010). Thus, different PCGF
subunits could add an extra level of specificity for discriminating
interactions of PRC1 with different TFs and other factors.
Whether this is the case in ESCs remains to be determined.
Not much is known about the biological function of RYBP-
PRC1 in ESCs and early embryogenesis. Like Ring1B-null
ESCs, ESCs depleted of RYBP express normal levels of pluripo-
tency genes but fail to efficiently differentiate along endodermal
and mesodermal lineages during embryoid body formation (Gao
et al., 2012; Hisada et al., 2012). In addition, RYBP is required
to efficiently repress endogenous retroviruses, as well as preim-
plantation- and germline-specific genes (Hisada et al., 2012).
Cbx-Containing PRC1 in ESCs
In contrast to RYBP-PRC1, Cbx-containing PRC1 requires the
presence of H3K27me3 for its genomic localization in ESCs
and therefore follows the canonical model of dependency of
PRC1 on PRC2 (Morey et al., 2012; Tavares et al., 2012).Cell Stem Cell 11, July 6, 2012 ª2012 Elsevier Inc. 17
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Figure 2. Known Roles of PRC1 in Different
Types of Adult Stem Cells
Left: Bmi1 is required for the maintenance of
hematopoietic stem cells (HSCs), mammary gland
stem cells (MSCs), neural stem cells (NSCs), and
slow-cycling intestinal stem cells (ISCs).
Right: Cbx4 maintains human epidermal stem
cells in a slow-cycling and undifferentiated state
and prevents premature senescence. Protection
from senescence requires the polycomb func-
tion of Cbx4, whereas its ability to prevent
active proliferation and differentiation relies on its
SUMO-E3 ligase activity.
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specific genomic location of Cbx-PRC1 is theCbx ortholog itself.
For instance, in proliferating ESCs, Cbx7 is a direct target of the
pluripotency factor Oct4, so it is highly expressed, and virtually
all genes bound by PRC2 and decorated with H3K27me3 also
contain Cbx7 and Ring1B (Morey et al., 2012; O’Loghlen et al.,
2012; Tavares et al., 2012). Interestingly, the repressed targets
of Cbx7 in ESCs include Cbx2, Cbx4, Cbx8, Phc2, and Bmi1,
making Cbx7 the predominant Cbx subunit in ESCs (Morey
et al., 2012). As the expression of Oct4 and therefore also
Cbx7 drops during ESC differentiation, these PRC1 subunits
become derepressed, and Cbx2 and Cbx4 are assembled into
new PRC1 complexes that targetCbx7, thus establishing a Poly-
comb autoregulatory loop (Morey et al., 2012). Interestingly, the
promoters of pluripotency genes acquire H3K27me3 and are
bound by Ring1B during differentiation, but Cbx2 and Cbx4
localize only to the Sox2 locus (Morey et al., 2012; Mohn et al.,
2008), suggesting that other PRC1 complexes may be involved
at other pluripotency network genes. Cbx2- and Cbx4-PRC1
also target lineage-specification genes and thus may also
contribute to the mechanisms involved in guiding differentiation
of ESCs along specific lineages. In addition to Cbx7, Cbx6 is also
highly expressed in ESCs, yet it does not interact with Ring1B
even in cells depleted of Cbx7 and colocalizes to only 5% of Pol-
ycomb targets. The fact that Cbx6 targets are not expressed
suggests that it also acts as a repressor, but in a PRC1-indepen-
dent manner (Morey et al., 2012).
The mechanisms that control the Cbx-PRC1 autoregulatory
loop (i.e., repression of Cbx2/4/8/Bmi1/Phc2 by Cbx7 in ESCs,
and Cbx2/4 repression of Cbx7 upon differentiation) are still
being elucidated. As mentioned above, because Cbx7 is a direct
target of Oct4, transcription of the Cbx7 gene drops as ESCs
differentiate and is subsequently epigenetically silenced by
Cbx2- and Cbx4-containing PRC1. In addition, there is a second
layer of regulation via miRNAs, as miR-125 and miR-181 bind to
the 30-UTR of Cbx7 and inhibit its expression at the onset of ESC
differentiation (O’Loghlen et al., 2012). A further layer of regula-
tion might also come from interaction of the Cbx subunit with
noncoding RNAs, as has been already shown in tumor cells for
Cbx7 and Cbx4 (Yang et al., 2011; Yap et al., 2010).
At the functional level, Cbx7-depleted ESCs spontaneously
express ectoderm and mesoderm markers in culture conditions
favoring self-renewal (Morey et al., 2012). However, the role of
Cbx7 in ESC pluripotency is still unclear. For example, depletion
of Cbx7 in ESCs has been reported to either not affect self-
renewal (Morey et al., 2012) or to partially compromise it (Bilo-
deau et al., 2009; O’Loghlen et al., 2012). This discrepancymight18 Cell Stem Cell 11, July 6, 2012 ª2012 Elsevier Inc.simply reflect methodological differences, but in vivo Cbx7 does
not appear to be required for development because Cbx7-null
mice are viable (Forzati et al., 2012). These mice are prone to
lung and liver carcinomas as a result of persistently high expres-
sion of cyclin-E, but it is not clear whether an influence on early
developmental mechanisms also contributes to the tumorigen-
esis phenotypes observed.
L3mbtl2: A Component of Noncanonical PRC1 in ESCs
Adding to the diversity of PRC1 complexes in ESCs, Qin et al.
(2012) now describe an essential role of a noncanonical PRC1
complex containing the protein L3mbtl2 in ESC proliferation
and early embryonic development. The authors show that in
mouse ESCs, L3mbtl2 establishes a PRC1-like complex that
intriguingly interacts with the pluripotency factor Oct4 and
several components of the E2F6 and NuRD repressor
complexes, as well as the H3K9 dimethyltransferases G9a and
GLP. ESCs lacking L3mbtl2 retain their pluripotency but show
a severe proliferation defect, as well as unscheduled expression
of lineage commitment genes. Loss of L3mbtl2 profoundly
affects the proper commitment of ESCs along the three germ
layers, resulting in early embryonic lethality. Interestingly, the
majority of genes bound and repressed by L3mbtl2 in ESCs
are not occupied by canonical PRC2 and PRC1, although a small
set of lineage commitment genes are co-occupied by all three
complexes (i.e., canonical PRC1 and PRC2 and noncanonical
L3mbtl2-containing PRC1). This elegant study further highlights
the complexity of PRC1 function in balancing the decisions of
ESCs during early embryogenesis.
PRC1 in Adult Stem Cells: Bmi1 and Cbx4
As in ESCs, impairment in the activity of PRC1 or PRC2 in adult
stem cells can result in nonoverlapping phenotypes. For
instance, null mutations in core PRC2 members lead to
enhanced hematopoietic stem cell (HSC) proliferation and func-
tion, whereas loss of function of PRC1members, including Bmi1,
Mel18, Phc1, Phc2, Ring1A, Ring1B, and Cbx2, compromise
HSC function (Sauvageau and Sauvageau, 2010). Most of what
we know to date with respect to the role of PRC1 in adult SCs
comes from studies with Bmi1 (Figure 2). For instance, Bmi1 is
required to maintain hematopoietic specification (Oguro et al.,
2010). In adulthood, murine HSCs lacking Bmi1 fail to self-renew
and lose multipotency (Sauvageau and Sauvageau, 2010). The
depletion of HSCs seen in the absence of Bmi1 is also influenced
by impaired mitochondrial function and an increase in reactive
oxygen species, which trigger the DNA damage response
pathway (Liu et al., 2009). Conversely, sustained expression of
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ability to generate secondary engraftments and to maintain their
stem cell potential when cultured ex vivo (Iwama et al., 2004;
Park et al., 2003; Rizo et al., 2008). At themolecular level, a major
determinant causing loss of HSC self-renewal in the absence of
Bmi1 is re-expression of the Ink4a/ARF locus (Oguro et al.,
2006). However, it is not clear to what extent the hematopoietic
phenotypes upon deletion of Bmi1 are within the context of
PRC1, because some of them can also be attributed to the tran-
scriptional regulator E4F1, which directly interacts with Bmi1
(Chagraoui et al., 2006).
Bmi1 is also necessary for the self-renewal of embryonic and
adult neural stem cells (NSCs) of the subventricular zone (Molof-
sky et al., 2003). Similarly, deletion of Ring1B in embryonic NSCs
located in the olfactory bulb results not only in their impaired self-
renewal but also in severe differentiation defects (Hirabayashi
et al., 2009; Roma´n-Trufero et al., 2009). Interestingly, embry-
onic spinal cord NSCs do not show such a strong dependency
on Bmi1 for their self-renewal, suggesting that there are regional
differences in the function of Bmi1 regarding NSC activity
(Fasano et al., 2009). At the molecular level, loss of NSC self-
renewal upon deletion of Bmi1 can also be predominantly
attributed to unscheduled expression of the Ink4a/ARF locus
(Molofsky et al., 2003; Bruggeman et al., 2005). However, similar
to its interaction with E4F1 in HSCs, Bmi1 also maintains NSC
self-renewal by cooperating with the transcription factor Foxg1
to repress p21 expression, yet it is not known whether it does
so as part of the PRC1 complex (Fasano et al., 2007, 2009).
The function of adult stem cells located at epithelial tissues
also depends on Bmi1. For instance, loss of Bmi1 expression
in the mammary gland does not affect the number of its resident
SCs but profoundly compromises their function, resulting in
a severe mammary gland growth defect (Pietersen et al.,
2008). Bmi1 also marks a specific population of intestinal stem
cells (ISCs) located at the base of the intestinal crypt, and
specific ablation of these Bmi1+ cells results in complete crypt
loss (Sangiorgi and Capecchi, 2008). Interestingly, there is
evidence that Bmi1+ crypt cells do not actively proliferate and
constitute a long-term reservoir of ISCs required for tissue repair
in instances of damage rather than for everyday intestinal
homeostasis (Tian et al., 2011). Daily intestinal homeostasis is
instead dependent on a second group of ISCs that continuously
proliferate, are located in direct contact with the differentiated
Paneth cells, and express high levels of the membrane receptor
Lgr5 but lower levels of Bmi1 (Barker et al., 2007; Sato et al.,
2009; Yan et al., 2012). These findings suggest that Bmi1 is not
necessarily linked to highly proliferating stem cells and canmain-
tain stemness independently from its impact on cell proliferation.
This idea is supported by the fact that, besides repressing the
Ink4/ARF locus, Bmi1 also controls the adhesive properties of
adult stem cells by regulating interactions with their extracellular
matrix (Bruggeman et al., 2009).
Other PRC1 complex components also have documented
roles in adult stem cells. For example, Cbx4 has been recently
shown to be essential for protecting adult human epidermal
stem cells from senescence and maintaining them in a quies-
cent state (Figure 2; Luis et al., 2011). Cbx4-mediated protec-
tion against premature senescence primarily occurs through
silencing of the well-characterized Polycomb target locusInk4a/ARF, in a mechanism that requires its chromodomain.
Intriguingly, however, prevention of active cycling and repres-
sion of terminal differentiation by Cbx4 does not rely on its chro-
modomain and instead depends on its function as an E3-SUMO
ligase (Luis et al., 2011). Thus, Cbx4 prevents epidermal SC
senescence through its PRC1 function but inhibits their prolifer-
ation and differentiation through a Polycomb-independent func-
tion. It remains to be determined whether a naturally occurring
form of non-SUMOylated Cbx4 may be required to maintain
epidermal stem cells in a proliferative state. Although this idea
is still speculative, an exciting recent report has shown that
Cbx4 can in fact exert a dual role over quiescence and prolifera-
tion in human HeLa tumor cells, depending on its direct methyl-
ation by G9a and its interaction with E2F1 (a histone H3K9me2
methyltransferase) (Yang et al., 2011). Intriguingly, two noncod-
ing RNAs (ncRNAs), TUG1 and MALAT1/NEAT2, specifically
bind to methylated and unmethylated Cbx4, respectively,
moving it from Polycomb bodies, associated with transcriptional
repression, to interchromatin granules that are associated with
regions of active transcription. Binding of each ncRNA to Cbx4
in turn switches the affinity of its chromodomain from repressive
histone marks to activation marks. In doing so, Cbx4 shifts from
functioning as a repressor to an activator of transcription, which
leads to specific sumoylation of E2F1 and triggers cell prolifera-
tion (Yang et al., 2011). More investigation is needed to clarify
whether this transcriptional activation function of Cbx4 occurs
in the context of a PRC1 complex or independently. It is tempting
to speculate that similarly fine-tuned roles for PRC1 components
may well exist in stem cell populations as well.
Concluding Remarks and Future Directions
Our understanding of the precise biological function of PRC1 is
increasing through the identification of distinct types of PRC1
that either do or do not require PRC2 for their activity. Although
all PRC1 complexes contain the Ring1 enzymatic activity, the
different varieties of PRC1 complexes are likely to follow specific
modes of chromatin recruitment and to even exert distinct bio-
logical functions. In addition, exciting recent studies have shown
that the activities of PRC2 and PRC1 components can be modu-
lated by posttranslational modifications, including methylation,
phosphorylation, and sumoylation, or can interact with noncod-
ing RNAs, demonstrating their highly complex and multilayered
regulation. A combination of mechanistic and functional studies
will be required to determine the precise functions of each
possible type of PRC1 that exists during ESC differentiation
and adult SC function, and to determine to what extent PRC1
components exert their observed functions within the context
of PRC2 versus independently. At a broader level, there is
increasing evidence supporting a causal effect of misregulation
of Polycomb proteins in cancer, so it will be interesting to study
whether and how misregulation of each subtype of PRC1
contributes to specific aspects of tumorigenesis and how that
relates to the roles being uncovered in stem cells.
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